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ABSTRACT

Fhis studv develops correction factors for currently used stress

intensity factor equations to more accurately predict stress intensity

tactors for a corner—crack emanating from a hole as it transitions to q1
a uniform through-the-thickness crack., These correction factors . ﬁ'|
R
- resulted in an increase in accuracy for total life prediction and much }
better correlation between analytical stress intensity factor .i
predictions and experimental results in the transition rezion for
2024-T351 and 7075-1651 aluminum alloys. An experimental program was
4
nndertaken to generate all 2024-T351 aluminum test data used in this .1
investivation. The 7075-T651 aluminum test data was generated durine N
earlier work., Correction factors developed by Opel for 7075-T651 : )
_ aluminum were evaluated for 2024-T35! aluminum and found to be . o
. X
. . . ‘A 1
excessively conservative, Y
- Hartranft and Sih suggested the stress intensity factors be PR
« .
- evaluated at an imaginary surface at an angle ¢ awav from the front . ?
and hole-bore surtaces. These stress intensitv tfactors could then he ]
-
. nsed in the life prediction models for life trom a corner-crack until
.' )
; back surtace penetration, FEvaluating stress intensity factors at o= L |
10Yand R0° eliminate surface boundary effects caused bv fabrication
) rocesses Like cold rolline and hole drilling, therebv improving life
{ : .
. . - . J
¢ predictions to back surtace penetration sienificantlv, [t is shown o1
SRR
that with = 102 and =307 , no other corrections are necessarv for lite
q
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prediction to back surtace enetrat jon.
!

-q
A transition revion is postulated to etfect lite prediction trom -

buck surtace penetration until final rracture. Correlations were made
between experimental results tor 2024-T251 and 7075=-T65]1 aluminum test - e
e
data and the Grandt linearization ot the Bowic solution for a .
Chorouuh~the-thickness crack.  These corrclations were plotted trom St

:
-
"
«
:
;
J

bacs surtace penetration until final fracture. The plot vields the
cmdoor rhe transition region and the required correction tactors. The
e orediction model incorporating these transition correction
~rtors e shown to be the most accurate and versatile of ali modetls

i,

Pveestbor gt e

site predictions were made using the new model, an instantaneous

model (which assumes a through-crack at back surface penetration),

Opel's model, Brussat's model and the Collipriest-thret model.
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1.0 INTRODUCTION

Lo, Motivation

Cracks in aerospace structural components continue to cause
problems ranging from premature retirement of parts to catastrophic
tailures, These problems result in the loss ot millions oi dollars
annuallv to the aerospace industry and have caused loss of life in
certain cases. A wood deal of proeress has been made over the past
several vears to eliminate the conditions leading to crack initiation
and growth. However, tlaws due to material detfects, manufacturing
methods, and in-service conditions will alwavs be present. Therefore,
in order to correctlyv predict component fatique life, a life-
prediction methaed which assumes the presence of flaws at the onset of
the component operational usage is required,

In 1971, the United States Air Force (USAF) sponsored an in-depth
review ol aerospace structural failures (Gran et al.{l]). This review
showed that the predominate failure mechanism was cracks emanating
from tastener holes. In fact, over one-third of all failures studied
were due to cracks emanating from fasteper hes | Ac a result of this
review the ISAF recently adopted a damage-tolerant design philosophy
to ensnre that catastrophic failures are not caused by cracks

emanat ine from fastener holes. This philosophy was introduced by VWood

and lnuzle [2] and is based on Linear Ulastic Fracture

Hdechanics (Ll

a
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lhis fracture mechanics analvsis of cracks at fastener holes
requires knowledge of the stress intensitv factor, K, for all crack
veometries of interest. Since the crack length within the bore of the

hole cannot be accuratelv measured, a combination of analvtical crack

solutions must be used. Exact analvtical expressions for stress

intensity factors have been derived for cases involving very small

s b

flaws in infinite (veryv large) elastic bodies (e.g., Williams [3],

[4]). These solutions have to be modified for finite problems by the

inclusion of correction factors. These correction factors are

generally derived using experimental data and backtracking techniques,

i YO

finite element approximations, or anv of various other approximate
nethods (see e.y. see references [5]-[11], which are used in this

work). The stress intensity factors are functions of the test-

A . . o
specimen geometrv, loading, and crack geometry, Many works published ) -1
over the past several years have dealt with estimating and/or ;;:;'\

. ) DI
c.ilculating stress intensity factors, and the most significant of e
X

these works are discussed in the next section.

1.2 Background

1.2.1. Previous Work on Stress Intensitv Factors for Corner-—

-
h°.

Cracks Fmanating from a Hole. 1In 1956, Bowie [12] made the first

=
: ma jor contribution to the problem of cracks emanating from holes,
L. specifically, cracks emanating from open holes in plates. Using
4
b' complex variable methods, Bowie solved the two dimensional problem of
-
3
'.
3

e

Pty ey
B
[ 9]
L
bttt e A
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single and double throush-cracks at an open hole. Bowie's work is

steniticant in that although it is not an exact solution, 1t is

universally used as a basis for comparison with other studies of :

rracks emunating trom holes. More importantly, Bowie's solution is

also widely used to establish the accuracy of other methods which

o

attempt to solve rore conmplicated crack problems. S

K

Bowie's solution vas improved upon in 1972 by Liu [13]. He ]

studied the quarter-elliptical crack at a hole in a plate and

ciperiuposed a onumber of solutions for his approximation. He used the

smith et al. solution [14] to account for the hole surface and the .

4

, : . , Ly , - - |

tront surface of the specimen and Kobavashi's solution [15] as a I

caorrect ton tor the back surface. These approximations were

superinposed on Bowie's [12] two dimensional approximation of the

three-dimensional hole effect. This did not, however, result in a ——

solution and onlv gave stress intensitv estimates at a point on the
peripherv of the crack, midwav between the front of the specimen and

b the surface of the hole, Jq
-‘ e
R

A unique approach to the solution of the single through-crack

b
E problem was presented by Tweed and Rooke in 1973 [16]. Theyv derived
L@ stress—intensity factor relations using a Mellin integral transform <;_!!
L . technique.  This method provided a substantial improvement over the .
[ p
{ Povie solution, especially for small crack lenpths,

L -
p
s
!
p
P
-
4

®

,

- .' g - 4
| ¢ o
b
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_ Grandt |10} used the principle of superposition to develop a .

stress intensity factor solution for large plates containing radial °
holes with through-the~thickness cracks loaded with arbitrarv crack-

face pressure. Grandt's method is based on work by Rice [17], who

-,_._‘

showed that once the displacement field and stress intensity tactor
are known for one geometrv and loading, KI the stress intensity factor
for mode I deformation mav be obtained for anv other svmmetric loading J
applied to the same crack geometry. Grandt [10] used 4 remote, #
uniform tensile stress as the known loading, crack-tip stresses
obtained bv Bowie [12], and stress intensityv factor results by Paris
and Sih [13] to develop his solution tor through-the-thickness racks
at holes. Grandt developed solutions for 1 number ot ditterent

fastener conficurations.

In 1978, Kullaren et al. {19] extended and retfined the numerical

sotution introduced by Browning and Smith [20] that was bared on a

modification ot the Schwartz-Newnann alternating method tor obrarnine

(] stress—intensity factors tor a semi-circular crack ot o hoole, -
4 Kullaren's technique, labeled the finite element obternat i =et o,
b
q i based on tinite element approxaimations,  Falloren consideres
4

q quarter—-elliptical cracks emanating trom open holes 1o plates,
-
{ kulluren and sSmith [21] extended this method to stnole semy-cl o 4
s . , ]
3 ind double quarter-elliptical cracks emanatine tromn Dastener eiee, |
4 J
4 , :
L. s work has demonstrated that the tinite element ltornat pan et ] q
o .
tg in versatile, Tt can be adopted tor many Jditterent complex )
3 1
¥ y
¥ <
4 .
F - «
® L




.

R Pt it At dints g W W T T W T e T e T TR TE T T TR

seometries, loading conditions and crack orientations. The only
drawback ot this method seems to be the difficulty involved in
noditving the computer codes.

A rather sienificant contribution to the area ot three-
dimensional cracks subjected to uniform tension wis made bv Newman and
Raju [9) in 1981, They studied several crack confieurations and
consitdered several parameters such as crack depth, crack length,
specimen thickness and hole radius. Theyv considered solutions due to
Howland [22] for stress concentration at a hole and Tada et al, [23]
tor vrack eccentricity corrections as a basis for their finite width
correction factors., Newman and Raju also evaluated shah's conversion
factors that were applied to approximate double-crack =olutions asing
sincle-crack results. These factors, which were derived by nspo-
Green's tunction to find stress intensity factors at a hole o
minder uniaxaal tension, were found to be in cood agreement wity 1o
recults of Kulleren and Smith (217,

Soluttons tor analvtical stress intensity tactors= tor oor e
cracks at o hole due to Newman and Raju [9] , Shah [.3] and
vere evaluated by Heckel and Rudd [25] usine correlations wi
experimental stress intensity tfactors obtained using the e -
Anderson backtracking technique [26].  Thev tound that Newman g
Raju's solution provided excellent analvtical ‘experiment i
correlations ot the stress intensity factor, crack crowth rates oo

crack shape chances.  shah's solution produced excellent ctress

A

R DN

e bt
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intensity factor correlations and life predictions, Thev also
detemined that both of Liu's one-dimensional and two-dimensional
sotutions vielded unconservative stress intensity factors and crack
srowth rates,

In 1983, Schijve [27] used data collected by Raju and
Newman [ 28, 29] for semi- and quarter-elliptical corner cracks at

holes to develop interpolation techniques for cracks with other

dimensions.  He noted that real cracks will not alwayvs have elliptical o
shapes, but as a tirst approximation the semi- and quarter-elliptical
Pk tront assumption as a valid one.  However, Schijve noted that in
cor b, the sconetric ratios, a/c, a/t, R/t (where a is crack depth,
3

t e lenctii, t rs specimen thickness and R is hole radius) will

oot tnose gsed by Raju oand Newman.  Schijve remedied this bv

it~ cnterpalation methods judiciously chosen for given crack

. he results owere compared to the Raju-Newman solutions
o goree to within 27,
. ransatron ot g Corner Crack at g Hole to a Through-the-
e hee transition region starts when the corner crack
L e ot the haole nearlv reaches the point of back
r. vty qnd ends when the crack hecomes a uniform through-
: t . tDeterminine the boundaries of this reeion is a
3 . . , . .
! : ot ot b s o work and will o be discussed in detatl in g
[ ] o S - Carrently, procedures for dealing with this
.
e vorance trort establishing vartous approximations and .
1
’ 9
P. :
i .
ty )
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correction tactors to compensate tor transition effects to totally
innoring the transition region. The American Society for Testing and -

Jaterials (ASTM) is trving to remedv this rather inconsistent approach

bv sponsoring "round-robin" competitions for predicting the life of ]
specimens to determine the accuracy of current procedures. These
round-robin competitions have aided qreatlyv in the rapid advances in .
| i

the development of transition region criteria. ASTH published some of
these results dealing strictly with part-through crack tatique life !,
nredictions in 1979, (see Chang [30]).

Peterson and Vroman [31] developed a computational scheme to j

detarmine stress intensity factors for initial part-throush crack
detects, Instead of using the number of loading cvcles as the -
independent variable, as in most current solutions, their computer
code uses verv small increments of crack size to calculate the number
ot loadine cvcles required for each increment of crack erowth., The
code uses equations developed by Forman [32] to calculate stress

intensity factors at the surface and along the crack front., K, the -

stress intensity factor, is determined as a [unction of crack depth to

! specimen thickness ratio, crack aspect ratio, crack depth, and crack 'j
[ o
r’ halt-Tenuth, Crack growth rates were calculated by substitutinae the . -
b . -
» . . ~ . . - y . .
b stress intensity factors into a Paris-tvpe cquation [33]. When J
b 1
A 1 . - . -, . -
b Peterson and Vronan {irst presented tueir approacn in {9720 it was J
o found to he more conservative than the Kobavashi-rloss solution {13]. _ ‘?

i iurther investication in 1974 concluded thiat the Kobavashi-tloss




solution was more accurate., However, it was also concluded that the Y‘U:j
Peterson-Vroman procedure was attractive due to its ease of
application. A 1976 modification to the Peterson-Vroman approach

provided a good approximation, and made this method even more

attractive.
The common procedure for dealing with the transition of a corner o

crack at a hole to a through-crack is to assume a corner crack until

back-surface penetration and then assume a through crack until
fracturce. This procedure is quite conservative. Johnson [34]
compensated for this by suggesting that the crack be considered a
through-the-thickness crack only after the back-surface crack length -
is 907 of the front-surface crack length. Johnson based his idea on
an imaginary crack depth found by letting the crack grow in the same

elliptical shape it had when it penetrated the back surface. This

W F——

assumpt ion seems to be in good agreement with the trends of
experimental data [3, 6].
( Brussat and Chiu [8] considered the crack in the transition _

region to be a combination of a surface tlaw and a through-the-

]
: thickness crack. Their criterion was based on crack depth, length, ]
b 4
- and specimen thickness for a quarter-circular corner flaw at a hole. - -!!
g o]
- . . . : . e ]
Brussat and Chiu developed transition region correction factors based RS
4 , . . . 4
i on engineering judgment rather than on actual mathematical results.,
-
L

oo
’
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The most commonlv used procedure for predicting the life of a

specimen considering the transition region of a corner-crack-at-a-hole

is the one discussed by Engle in [11]. This procedure has been
adopted by the USAF as the current damage-tolerant philosophy and
forms the basis and starting point for this thesis. It uses Newman
and Raju's corner crack solution until the crack depth is equal to the

plate thickness, and then uses Grandt's [10] linearization of Bowie's

solntion [12] for a through-the-thickness crack near a hole. llowever,
this approach ignores the portion of the transition region extending
from back-surface penetration to where the crack becomes a through-
the-thickness one. The results are therefore conservative.

Tn 1983, Opel [5] suggested modifications to the method discussed
by Engle. Opel improved the total life predictions by approximately
157, His work also resulted in a better correlation between the
analvtical stress intensity factor prediction and the experimental
results bv developing transition-region correction factors for corner-

cracks-at-a-~hole tests, Opel's work was performed in three phases,

3 rirst, correlations were made between ecxperimental results obtained by
p. Grandt and Snow [35] for Polymethvlmethacrylate (PMMA) testing and the
p

4 Newman-Ra ju [9] three-dimensional stress intensity factor equation for

a4 single corner crack at a hole. These correlations became

unconservative when the normalized crack depth (a/t) reached a value

¢ ot 0.75, and this was defined as the beginning of the transition
P,
t: recion., nextL, correlations were made between experimental results
b
¢
4
| -
-
b ()
3
|

.o MNP )k
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obtained by Heckel and Rudd {25, 36] for 7075-T651 aluminum testing

and the Grandt linearization ot the Bowie solution for a through crack

v -
\ . L
e, B

emanating from a hole. These correlations were found to be
unconservative until the normalized crack depth (c¢/R) reached a value

of 2.3; bevond that point the correlations became conservative. This

. .0l

point was defined as the end of the transition region. Finally,
stress intensity factors for the transition region were developed.
Along the bore of the hole, a second-order polynomial regression

curve-fit was used for the normalized crack depths (a/t) found in the

transition region., The resulting correction factor was multiplied by l
the stress intensity factors found using the Newman-Raju solution. A '!
y . . - : . Y
tirst order polvnomial regression curve-fit was tound to give accurate
correction factors for the Newman-Raju stress intensity factors along ;
]
the front surface. A second-order polynomial regression curve-fit was . q
used to find the transition correction factors for the Grandt e

linearization of the Bowie solution along the back surface until tinal

fracture. Opel proceeded to make life predictions using his new

model, the model referenced by Engle [11], and the Brussat model [3].

Opel's model proved to be the most accurate.

1
1.3 Scope . -

An experimental program was undertaken to investigate the crack-

srowth behavior in corner-crack-at-a-hole specimens of 2024-7351 S

- - 4

o aluminum allov. O particular interest was an assessment of the L
[ 9
t effectiveness of a procedure introduced by Opel [5] tor predicting D
E: b
F. ';

10




crack growth rates in similar specimens of 7075-T651 aluminum allov to
predict crack growth in other materials. He used experimental data
obtained from PMMA and 7075-T65]1 specimens to derive correction
factors fv - existing solutions which were shown to vield better
predictions for these materials. Just as in Opel's work, a part-
elliptical corner crack at a hole is considered. The corner crack
center is located at the intersection of the hole wall and the front
surface. The crack lies in a plane perpendicular to the axis of
loading. The finite plate geometry and loading conditions are such )
that the plane of the crack is a plane of symmetrv for the open hole
problem. The loading is a remote uniaxial constant amplitude loading,
and the initial crack eccentricity, a/c, is greater than one.

The specific objectives of this thesis are to:

|. Evaluate the applicability of Opel's [5] correction factors

ny W

to 2024-T351 aluminum, and should they prcve to vield

inaccurate predictions, calculate new correction factors for

the stress-intensity-factor models. m_!!
. . . Y - N
2. Evaluate the increase in accuracy sugaeested by ilartranft and b
{ e
q Sih [37] for life predictions if the stress intensity factors O
rﬁ' are calculated at an angle ¢ from the surfaces as indicated -
_—
‘0 Fi .
) in Fia, 1, R
'_'«
9 1
| o Determine if transition correction factors for the region ]
3
. . — e
4 from corner-crack until back surface penetration are needed
9 it the Hartranft and Sih sugeestion is used as mentioned in
a 2. above,

:
";;‘;_‘_‘.'A‘ L ~_A! '




4. Detemine the transition recion and new transition correction
factors tfor the development of an improved lite prediction
nodel.
5. Evaluate the ability of existing stress intensitv ftactor .
models to predict the behavior of a corner-crack-at-a-nole in
2024-T351 aluminum as it transitions into a unitorm through-

the-thickness crack (Fig. 1).

6. Assess the accuracy of the corrected model by comparing the
total life predictions obtrained using these models to results
of other life-predictions.

1.4 Approach

Stress intensitv factor correlations were performed for
experimental results obtained at the Air Force Flight Dynamics
Laboratory for 2024-T351 and 7075-T651 aluminum, constant-amplitude-
lnading testing and the Grandt-Bowie [10, 11, 12] stress intensity
solution t,r a through-the-thickness crack. Opel's model has not
nroved to be adequate for a new, more ductile material (2024-T351
aluminum), Examination of Table 1 reveals that althouch the Opel
node!l shows a 97 increase in accuracy over instantaneous model for
2024-T351 aluminum, the total life predictions are still 307
conservative. Therefore, a more accurate model will be investicated.

These correlations were plotted from back-surface penetration to

final tracture. Correlations were performed for both front and back

surtaces,  These plots were used to develop transition correction

— 5y
’

y-—— -
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'
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tactors for the region from back surface penetration to the end ol the

transition region, i.e., to the point where a uniform through-the-
thickness cracl: develops. The end of the transition region was
identified at the point where the back surface crack length is nine-
tenths ot the front surface crack length (i.e., ¢' = .9, as in

Johnson[34]) (More details on the definition of the transition recion

will be given in later sections.) These correlations and transition

Y WA

correction factors are compared to those developed and presented by
Opel [5] and Opel, Rudd, and Haritos [6],

Finally, total life predictions are made trom a speciiied

““

initial crack length to final tracture using: a) a transition
criterion developed in this paper, b) an instantaneous transition S

criterion presented in Chang [20]

- o
¢) at the transition criteria developed by Opel [3], d) the criterion ]
developed by Brussat et al [8], and e) the corrections developed by -
Collipriest and Ehret [7]. The criterion developed in this paper is -‘.3
then evaluated by comparing its predictions to those of Chang, Brussat T

1

ot al., Opel and Collipriest and Lhret, as well as to the experimental E

S

resitlts obtained in the course of this investigation. S
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2.0  EXPERIMENTAL PROGRAM

The entire experimental program was conducted at the Air Force
Wright Aeronautical Laboraties, Flight Dvnamics Laboratory, Wright-
Patterson Air Force Base, Ohio. Two distinct sets of data were
cenerated for this studv: material characterization data and corner-
crack-at-a-hole data, both for 2024-T351 aluminum. The material-

characterization tests included both crack-growth-rate and fracture-

toughness tests, The James-Anderson backtracking technique was
applied to these data in order to obtain experimental stress intensity
factors., These factors were used in the life predictions for the
corner~crack-at-a-hole tests. The corner-crack-at-a-hole test results
were used to develop a new transition criterion and evaluate the
accuracy of this new criterion by comparing it to the results !i

reported. The details of all tests conducted and the procedures

toltowed are described in the next sections. e

2.1 Material-Characterization Tests

“laterial-characterization tests were conducted using center-
cracked tension specimens., (Specimen dimensions are given in Fig, 2)
The crack-growth-rate tests used three sets of duplicate specimens,
with maximum stress  onmax = 10,0 ksi and stress ratio R = 0,1, 0.5,
-0.5. The crack lensth vs, number of cveles (a vs N) data for the
tests are shown in Figse 3 through 5 (based on R values).

Psing the experimental a vs N data, the maximum stress intensity
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factor (K mux) was calculated and the data was then transtormed to
crack maximum growth rate vs. maximum stress intensity factor (da/dN
vs. X mnx) data nsing o series of computer programs developed by
Grimsely {38], which are based on the ASTM-recommended incremental
polvnomiul-technique. The computer programs also curve-tit the crack-
growth data with a Walker equation [39]. The Grimsely programs,
called the Crack Rate Analvsis and Walker Equation Solver using the
Method ot Least Squares (CRAWLS), provide a major portion of the data
and equations nsed in this study and therefore warrant further
discussion.

The CRAWLS prourams transform crack-growth test data (a vs N)
into crack-urowth rates (using the incremental polvnomial technique)
and then {its those growth rate data with a Walker equation,
Conversion of crack-growth data (a vs N) into crack growth rate data
(da/dN vs K max) requires differentiation of the crack-growth curve,
[his ditferentiation is pertormed using a method which fits a parabola
to successive snhsets ot seven data points by the method of least
sqnares (seeoe.o, by dindar et al, [40]).  The derivative of the fitted
curve is then calealated tor the middle point ot cach subset. This
procedure, conbined with the James-inderson backtracking technique
1261, resalts in evaluation of the derivative over the entire curve,
(sec Fio, 6),  AMter obtaining the crack=-crovth rates, the data are

fitted with o Walker equation of the torm:

da/as = o =) €

Met X

20

X
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vote: N method tor solving the Walker equation tor C,M,N has been
proposed by Chang et al. [41]. This method uses a least-squares fit
ot the data for a series of assumed values of M. Wkalker-equation
plots are generated and chosen based on which best {its the data,

The results of the material-characterization tests are given in
Figs. 7 through 9 for the three values of the R ratio.

Data for the center-cracked-tension specimens, including both
positive and negative stress ratios, were input into Grimseiv's CRAWLS
programs. The positive-stress-ratio data can be represented by the
tollowing best-tit Walker equation:

9. .. o7

da/dy = 1.11616 x 107 [K_ (1-R)""]

max

3.71797

where: Kqu is in units of Ksi per in and da/dN is inch per
as
cvele

lhe best-tfit Walker equations for the negative stress ratios are:

] = 2116
da/ds = 4.31544 x 1070 (k) =216 (3)
max

Four fracture-toughness tests were also pertormed tor the 2024-
1351 aluminum. These tests were conducted for center-cracked tension
specimens like those shown in Fig. 2. The fracture toughness was
determined bv a combination of fatique and static tensile testing,
lhe specimen was subjected to cvelic loading according to ASTM
Standards until throush-cracks of approximatelv 005 inches were
initiated on both ends of the center notch, Then the specimen was

statically loaded by a lTinearly increasing load until failure

Y
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accurred, he averagse tracture toughness was determined using the

|

tollowing cauation:

. )T e —
N = J v aa Jsecmaw) {
[ [

Jes
~

a1

Where: 0= stress at failure
a crack lengeth
W specimen width

[{I)
9.

ey

A

The averauve fracture toughness for these tests was found to be

ol
-
.

ol

kst ox AT (43,68 MPa x M),

Standard tensile tests using a "doebone" tvpe specimen were

,

performed for 2024-T351 aluminum to determine vield strength., The
specimen ceometryv is shown in figure 10, The averace vield strength
for the two tests performed using 1/2-inch thick 2024-1T331 aluminum

specimens was H3 ksi (913.39 MPa).

(K]
[

Corner-Crack-at-a-llole Tests

Iwelve corner-craci-at-a-hole tests were performed using 2024~
351 aluminum allov specimens. The tvpical specimen geometry is shown
in iz, il. The specimens were precracked at the same constant
amplitude stress levels used in the criack orowth tests
( Joaax = 10 kei), Atrer precracking, the maximum stress levels used

for testine were I8 ksioand 15 ksi,  Two positive stress ratios (R =

. and 003) and oone neaative (R o= =0,3) stress ratio vere considered, . :
Me maximn stroess lovel, stress ratio, and initial crack size and [
- d

shiape tor o edach of the twelve tests are ziven in Tabhle 2. Duplicate

3

Py
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tests were carried out for each of the six load conditions. The
results were averaged to eliminate any bias that might arise due to
any possible faulty tests.

To evaluate the stress intensity factors along the bore of the
hole for the 2024-T351 aluminum corner-crack-at-a-hole tests, the
initial crack length along the bore of the hole (ai) must be known,
Unlike materials such as PMMA, aluminum is not transparent and
currently there is no wav to measure a; during the test. Therefore,
to obtain values for ai for the first 8 specimens, a marker load was
applied after a crack was observed on the front surface. The marker
load had the same maximum constant amplitude stress levels as those
used in the tests, but the minimum stress levels were increased to the
stress ratio, R = 0.85. The marker load produced striations on the
fracture surfaces which could then easily be measured with an optical
microscope after the completion of the tests. This measurement
vielded the value of ai for each specimen. During testing ol the last
four specimens, PC-9 through PC-12, the "Fax Film" method was
emploved. Ftax Film is a thin, myvlar-tvpe plastic [ilm which becomes
very soft when acetnne is rubbed on it. The soft film is forced into
the small initial crack and then removed, a crack impression is left
on the film and with the aid of an optical microscope, the initial
crack length can be measured., This method is verv accurate if the
initial crack length is sufficiently small; it also requires much less

time and effort than the marker band technique.
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The corner-crack-at-a-hole tests for 2024-T531 aluminum specimens
were continued until failure occurred. Crack length measurements were
taken throughout the test. Crack length measurements on both the
front and back surtfaces were taken at random intervals during the
tests. All measurements were made using two optical microscopes
mounted on the fatique machine, one at the front surface of the
specimen and one at the back surface. Using the crack length
measurements and the number of fatique cvcles between each
measurement, the crack growth rates tor both the front and back
surfaces were computed using methods which are described in the next

chapter.
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3.0 EXPERIMENTAL STRESS INTENSITY FACTORS

3.1.Stress Intensity Factors for the Front and Back Surfaces

Using the data from the fatique tests experimental stress
intensity factors for the front and back surfaces were obtained using
the James-Anderson backtracking technique [26]. The technique is
shown schematically in Fig. 6 and may be briefly outlined (ref. Opel

[5], p.23) as follows:

1. Crack-growth curves were determined at the back surface (c'
vs N) and the front surface (¢ vs N) using raw data from the
corner-crack-at-a-hole tests.

2. Using the crack growth curves, crack-growth rates were
determined and expressed as a function of crack lengths (i.e.,
d¢'/dN vs ¢' and dc/dN vs ¢). Crack growth rates were determined
using the standard seven-point polynomial regression technique
discussed earlier. This curve-fit allows for the calculation of
the crack growth rate at anv crack length. Crack length vs.
crack growth rate are plotted for the front surface in Figs. 12
through 17 and for the back surface in Figs. 18 through 23,

3. The stress intensity factors, for positive stress ratios,
associated with given crack lengths and corresponding crack
arowth rates wvere found using the wWalker equation. The Walker

cquation form tor the positive stress ratios was found to be:

a
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. 26896 .7

Q -
K = [8.9593 x 10 (dc/dN)] (1-R)

max

(3)

for the front surface. When dc¢'/dN is substituted for dc/dN in

Equation (3) the Kmax for the back surface is obtained. The stress

L.J_A_.L_AL.:__L. Lo .

intensity tactor equation for the front surface the negative stress
ratio was found to be:
.31137

. 8
kmax = [2.31726 107 (dc/dN)]

(6) )

Similarly, to obtain Kmax for the back surface dc/dN is replaced for

dc'/dN in equation (6). Recall that dc/dN and dc'/dN are found using

0.

a pulvnomial regression curve-fit to each duplicate set of data. In

this case a Sth-order polynomial seemed to optimize the fit.

NOTE: Experimental stress intensity factors along the bore of
the hole could not be found because no measurements could
be made along the bore of the hole. The predicted number
of cycles to back surface breakthrough and an average Kmax

will be calculated and used in life predictions in a later

section of this work.
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4. O ANALYTICAL STRESS INTENSITY FACTORS

Three different analytical stress~intensity-factor solutions were
considered in this thesis. The first solution was the Newman-Raju
three-dimensional finite element solution [9] developed for corner
cracks at a hole. The second solution was the Grandt linearization of
the Bowie equation [10, l1] wused for through cracks after back
surface penetration has occurred. Finally, analytical stress
intensity factors were calculated using Opel' s transition-region
correction factors [5] applied to the Newman-Raju solution in the
corner crack region and to the Grandt/ Bowie solution for a through
crack after back surface penetration., After the stress-intensity-
factors were calculated, correlations were made between the
experimental results and the Newman-Raju/ Grandt-Bowie solutions
without transition corrections and by using Opel' s transition region
correction factors. (These results will be used in a later section to
obtain life predictions in order to assess the accuracy of the
analytical stress-intensity-factors.)

4. 1 Newman-Raju Solution for Corner-Cracks-At—-A-Hole.

The Newman-Raju solution for stress intensity factors for corner
cracks at holes was considered because of its accuracy as outlined by
Heckel and Rudd [36] . This solution was also chosen because it is
currently one ot the most widely used solutions in the aerospace

industry. The equation considered was based on an initial crack
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eccentricity (a/c: crack depth divided by crack length, see Fig.l, ___‘
oreater than one), The equation is: '+
4
Koax = nax VTa/Q Fop (a/c, a/t, R/t, /b, o)F (7)
where: _i
= Q =1+ 1.464(c/a)’=®? (8) o
Fop = [M+ M,(a/t)2 + M3(a/t)"] 8, 8, 84 fo f (9)
¥
:6 My = vc7a (1 + 0.04(c/a)) (10)
.
! M, = 0.2(c/a)" (11)
o
E My = -0.11(c/a)* (12)
L;'_i
L g, = 1+[0.140.35(c/a)(a/t)?](1-sin¢)? (13)
X 8, = [1-0.154 + 3.460% = 4.47X% 4 3.52X%]/[1+0.13X2]  (14)
A =1+ (¢/r)cos(0.85¢)] ¢ (15)
)]
; gy = [1.13-0.09(c/a) [[1+0. 1(1-cos6)? ][0.8+0.2(a/t)=2°] (16)
[> fo = [(c/a)? sin?d + cos?¢]?? (17)
4
o
¢ f, = Lsec(mR/2 b)sec (Va/t (m(2R+c))/(4(b-c)+2c)) ]** (18)
5
o
Fo, = L(a/m + ac/2tR)/(4/m + ac/tR)]e? (19)
K
1 See reference 9 for details of this solution.
P
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4.1.1 Boundarv-Laver Effect On Stress Intensitv Factors. Hartranft

and Sih [37] suggested that the stress intensity factors in a very
thin "boundarv-layer" near the intersection of the crack-front with a
tree surface drop off rapidly and tend to zero at the free surface.
This idea suggests a trend opposite to that of Newman and Raju's life ) i;
prediction solution [9]. Their solution assumes that the stress ]

intensity factors tend towards infinity at the surface. Some

reflection on the problem will'help to clarify the situation. A large
stress intensity factor would lead to a higher value of da/dN, which
would predict a shorter life. The Newman-Raju solution has been known
to be quite conservative [5, 6, 9] i.e. they seem to over-estimate the
stress intensity factor which leads to a prediction pf shorter lives
than those observed experimentally. Newman and Raju investigated
Hartrantt and Sih's suggestion using finite element techniques and
found that the stress intensity factors tended toward zero at the free
surface, as proposed. This implies, theoretically, that no crack
would grow at the surface of the specimen (i.e., if Kmax approaches
zero, da/dN approaches zero, da/dN approaches zero). Newman and Raju

subsequently investigated the effect of the boundary layer by

evaluating stress intensity factors along an imaginary surface at an
angle ¢ from the free surfaces (see Fig. 1). A graph showing the

trend of the Newman-Ra ju correction and the result of evaluating the

i stress intensity factors at an angle ¢ from the free surface is shown
b - .
. in Fig. 24, It can easily be seen that at the free surface (i.e.,
]
3
| 3
F.
r .
3
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where 2 ¢/ 1 = 1), there is some inconsistency. I[f the angle ¢ 1s
increased, the solutions become more consistent. (Newman and Raju did
tind that beyond a value of ¢ > ,[4m, there was no difference between
the two solutions, see Fig. 24).

Recently, an ASTM Task Group was established for the purposé of
improving current methods for calculating stress intensity factors.
The task group has been sponsoring an annual stress intensity factor
solution "round-robin'". The participants provide stress intensity
factor solutions and these are evaluated by comparing them to other
participant solutions for the purpose of finding better solutions.
Some participants have used this idea of evaluating the stress
intensity factor along a surface at an angle of ¢ (3, Is the
parametric angle and is equal to 0° at the front surface and 90° at
the base of the hole), most notably Chung [43], and have met with a
great deal of success., An appropriate value for the angle ©, based
on results from the round-robin competition, is ¢ = 10°.

Evaluation of the stress intensity factors along a surface at
6= 10° (see Fig. I for geometry), has lead to improvement in accuracy
of life prediction using the Newman-Raju corner-crack-at-a-hole
solution. Life Predictions until back surface penetration (the only
region where ¢ has an effect) improved an averave of 207 tor 2024-
T351 aluminum and 3072 for 7075=T651 aluminum usine the [ncorrected
Newman-Ra ju sollution (see Tables 3 and 4, respectively). The
improvement in lite prediction is quite sigmiticant and theretore, the
solutions for 2024-T351 and 7075-T651 aluminum, studies in this thesis,

will include the angle = 10° in all calculations.
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4., 2 Grandt' s Linearization of Bowie' s Solution for Through Cracks.

The Grandt linearization of the Bowie equation described by Engle [11]
was considered for through cracks from back surface penetration until

final tracture. The equation considered was:

K = 0

/1 F (¢ 2
max max e Fgr(a/r)fw (20)

where: Fur = .6762062 = [.8733015/(.3245442(c/R)]

fw is given by equation (18).

Details for this solution are given in reference 11.

/,

4.3 Opel's Correction Factors. In the third of the solutions

considered, in his thesis Opel introduced transition region correction
tfactors for the Newman-Raju and Grandt/Bowie solutions. Opel
separated the transition region into two different regions. The
becinning of the first transition region was where a/t = 0.75 and
ended where a/t = [.0 (see Fig. 25 for details). From the initial
crack length to where a/t = (.75, the Newman-Raju solution was used
without correction factors. From a/t = 0.75 to a/t = 1.0 Opel applied
the correction factor Ftr to the Newman-Raju solution. The new
stréss—intensity—factors (K) new were found using an equation of the
form:

. PPN ‘
(k)max (k/N—R X (Ftr) (

[ )
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Figure 255 Opel's Transition Region

/1]

4
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Figure )5p: Chansler's Transition Region
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Ftr’ Opel's correction factor, was found using the James-Anderson
backtracking technique and a polynomial regression curve fit, and was

determined to be of the form

2
(Ftr)b = 1/[.573924 + 1.468068(a/t)-1.275787(a/t) ],
for the base of the hole and

(F )

= { g bnd 2 ¢ <
ir)fs 1/{1.31687 .362863(a/t) ], a<t

tor the front surface.

Transition correction factors were also developed for the region
from the back surface penetration (a/t = 1.0) to the end of the
transition region where c¢/r = 2.5. The correction factor for the back

surface was found to be:

(F, ) 1/[.191601 + .724961(c"'/R) —.158451(c'/R)2J

tr’'bs

The equation used tor the stress-intensityv-factors on the back surface
transition region was:

(K) /T:*‘n‘1<‘n_(;(c'/R) Fw(Ftr)

bs

bs

where FP F(c'/r) is the Grandt curve it [10] to Bowie's tabular hole
1=\

correction factor [12]. fw is the tinite width correction used bv

Newman-Ra ju [9]. The Grandt linearization of the Bowie solution was

used for stress intensity factors for the recion from the end of the

transition region to final fracture.
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5.0, DEVELOPMENT OF TRANSITION CRITERIA

- _:j..j
5.1. The Transition Region ‘
The transition region for corner-crack-at-a-hole problems has o
) . 4
been treated in various .ays in a number of life prediction solutions. o q
Current procedures dealing with this transition region range from the )
<9
development of correction factors to compensate for the region to o]
totally ignoring the transition region by assuming a through-the- !j
thickness crack at back surface penetration. It is suggested here
that the transition region be dealt with in the following manner,
First, assume there are no transition effects along the base of the ~~~!1
hole. Second, assume the transition region extends from back surface :
penetration {a=t) to a point where the front surface crack length (c) .
-
is approximately equal to the back surface crack length (c'), i.e. __q!r
]
o]
c'/c = 0.9, Finally, it will be necessary to develop transition ]
{ region correction factors for this region from a = t to ¢/c' = 0.9 T
- L
Fi that are based on the crack shape as it propagates through the . .g
[ transition region. Since the original intent of this work was to :
1 R
i .
- derive material-independent transition region correction factors based ;
} ol
- on the work by Opel [5], the approach outlined above represents a =]
) significant departure from the original intent, Therefore, some {if
: justification is warranted, ]
. , . - | - o
5.1.1. Corner Crack until Back Surface Penetration. Physically, the me e
# idea that no correction factors are needed in this region makes sense, ]
2 . .
A 595 R
3
| ’ \
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As the crack propagates towards back surface penetration, it retains a

quarter-elliptical shape with varying aspect ratio until a = t. (See
Fig. 1.) Therefore, no correction factor should be necessarv. This
idea contradicts the work bv Opel, but there are good reasons that can
be Justifiéd analytically.

Opel developed transition correction factors in this region
primarily to improve on Newman and Raju's conservative life prediction
solution for corner cracks at a hole, The discussion of the boundary
layer effects in the previous section suggested by Hartranft and Sih
[37] and tested by Newman and Raju [9] provide a means by which to
improve the conservative Newman-Raju corner crack solution.

The Newman-Raju solution is a function of the angle , among
other parameters. (See Fig. 1.) Opel's correction factors for stress
intensity and life predictions are based on ¢ = 0° and 90°,
corresponding to the front surface and the surface along the base of
the hole respectively. Hartranft and Sih suggest that calculation of
stress intensity factors along an imaginary surface at the interior of
the specimen would lead to possibly more accurate life predictions.
This idea seems to be valid based on finite element solutions made by
Newman and Raju. In fact, life predictions are improved drastically
if ¢ is 10° and 80° which correspond to imaginary surfaces near the
front surface and near the surface at the base of the hole
respectively. Tables 5 and 6 show comparisons of solutions for 2024-

T351 and 7075-T651 aluminums respectively., The first solution is the

56

PGPS R O S




WnuIuNyy [¢€1-%207 10J (pai1dairaoaup) nfey-ueumay Suis))

Sa[duy J1J1BWRIR{ JUSIB]JI] 10J UOIIRIIBUD DIBJING MOBG 01 2317 10 uvostaeduoy ¢ Q] )
(1Z°29)  (9£°89)  (10°€S)  (%L°29) (69°69)  (1£76S) .
(21°79) 8% 8¢ 7oLt LS U TAL TANNA raA¥ 016°¢3 606 ‘¢ 1 1= v L
W08 = 01 = ¢ .
07 97)  (Z€°99)  (TyE)  (9%T9) (72 wy) (e Le) = o
(9€.°2%) 86571 AR 195491 GE1°% $01°91 £50°6 1=v .
A
W06 = o0 = @ ;
.-.-..J
odelany $*0- $*0- =3 €0 =13 1" = B
sy Q= 00 :
-
o
-, ,\E\r?h?lnk.?lrr L . P dmtnn,




. 1
v t

ranicam J-W.. T— 1:-’1{1 L ””J‘#‘.-.A ﬁl.ﬂ.lu«n]
. Y
. () R . o .

. . . . , L : . . .4
. . i . ' . . P o PR L : A [ . . i . . . ,

- e e e e g gl 7
NBS LEMMAURSMEING N
. Al Lo .o

Rl T

wnuunjy 14$91-5/0L 103 (paisagaooup)) nley-uewmay 8uis(
SOT3UY DIJlaWRIRY 1UIIIJJI(] 0] UOIIRIIBU34 dlejIng yoeg o] 3j17 jo uostaedwoy :g ajqej

(7£7°68)  (98°7Z1) (6%°2s1) (89°121) (£2°78)  (89°0L)  (71°8L) o
(20°701) IaAAR 0! Z8¢ 01 L1t 16661 687G €196 879 1= s

W08 = 01 = 0

v bR A i A B e Bt S el s
o -y o A

58

(c%°79)  (59°88)  (S6°G01) (87°%8) (0L°6S)  (ZL°8/%)  (Z0°%%)
(16°1L) VAR 16%°L €LE Gl 12L°01 ¢18°¢ 9799 gty 1 =0

a3eIAAY G- =Y £°0-=¥ €0=d 1°0=3 S0-=4 €£0=¥ 1°0=4Y "

_
i
b
;
i
b
'
b
b

P T ST SO PR ) PP UIPRPF GO W VD P wos




L aan 2 4

———

uncorrected Newman-Raju solution with ¢ = 0° and 90° and the second is
the uncorrected Newman-Raju solution with ¢ = 10° and 80° . Comparing
these two solutions for life until back surface penetration (a=t), it
can easily be seen that using ¢ = 10° and 80° improves the Newman-
Bowie model enough to warrant the exclusion of all correction factors
used for life until back surface penetration.

5.1.2, Back Surface Penetration Until Final Fracture. Opel chose to

use transition region correction factors in this region based on front
and back surface crack lengths, normalized by the hole radius (R), ~=/R
and c¢'/R respectively. These transition region correction factors
were applied from back surface penetration (a = t) to a point where
c/R, ¢'/R = 2.5. (See Opel for discussion on development of the end
point for the transition region.) The Opel transition correction
tfactors produced favorable results towards increasing the accuracy of
the Grandt linearization of the Bowie solution for through the
thickness cracks. However, when examined closely, it turns out that
these corrections are highly dependent on specimen thickness. This
dependence can easily be seen by considering an example (see Fig. 26).
The specimens considered by Opel were fabricated from 7075-T651
aluminum with thickness t = .25 inches and a hole radius R = .125
inches. After the crack propagates through the back surface at a = t,
Opei applied the transition correction factors, based on ¢/R and c¢'/R,

to the Grandt-Bowie solution with favorable results. Opel applied

correction factors, based on specimens with t = .25, to the region a =t
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c/R=2.5

= 0.25"

c'/R=2.5

Figure 262

c/R=2.5

t=1.0"

¢'/R=0

Figure 26 :

Figure 26k

Comparison of End of Opel Transition
For Specimens of Different Thickness
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(or ¢'"/R=0 toc¢'/R =2.5. At ¢'/R = 2.5, the crack was

<
"4
E
considered a through-the-thickness crack and after that point no -«
1

corrections were necessary to modifyv the Grandt-Bowie solution.
(Note: «¢'/R = 2.5 corresponds to c¢' = .3125 inches and at this point \,!
¢ = .3125 inches as well.) 1If one were to consider a thicker :ﬁdi
R
specimen, say t = 1,0 inch, with the same hole radius (R = .125"), the :;j
]

crack would not have reached back surface penetration (a = t) when c¢/R

= 2.5 (i.e. ¢' = 0). Therefore, applying surface correction factors
at ¢/R = 2.5 for the thicker specimen would be invalid. Clearly,
correction factors based on t = .25 and dependent on c/R, c'/R are
only valid for specimens .25" thick and new correction factors must be
developed for different thicknesses. Developing new correction
factors for each thickness would provide favorable results but would
be much too tedious a task, involving experiments and analytical
corrections each time a life prediction is necessary. Therefore, the
development of correction factors that are independent of specimen
thickness is highly desirable. -
Rudd [42]suggested that the transition region after back surface
penetration be corrected by transition correction factors based on the
shape of the crack as it propagates from a = t to a complete through-
the-thickness crack. The shape of the crack can be dealt with by

understanding how the front surface crack length (c) and the back

surtace crack length (c') vary with each other. When ¢' = ¢ (or c¢'/c .
=1), the crack lengths on both surfaces are equal and a true through- T
61 ,
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the-thickness crack exists (See Fig., l.) If transition correction
tactors are based on c'/c, then the correction factors become 7_,.i
thickness-independent.

5.2. Analytical/Experimental Correlations

Correlations were made of the experimental stress intensity
factor ranges, using a form of the Walker equation, with the
analytical predictions, based on the Grandt-Bowie solution, for 2024-
T351 and 7075-T651 aluminum for the region from back surface
penetration until the final fracture region. Experimental stress
intensity factors were obtained using the James-Anderson backtracking
technique, based on duplicate specimens for each of 6 different load
conditions. The procedure used to obtain the appropriate correlations
is outlined next:

1) Using the James-Anderson backtracking techniques,

experimental data in the form of ¢ vs N (and c' vs N for back

surface) were converted to ¢ vs dc/dN (and c¢' vs dc'/dN).

1 2) Results from 1) above for each duplicate set of specimens
were curve-iitted using an ASTM-recommended polynomial

- regression scheme. The data were "best fitted" to Sth-order
equations. This provided dc/dN and dc'/dN equations as

functions of ¢ and ¢' for each set of duplicate specimens.

RIS I I 1P gy
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3) The experimental stress intensity factor (KE) was calculated

{
4
<
-
from back surface penetration to final fracture using the ] '|i

Walker equation.

4) The analytical stress intensity factor (KA) was calculated , .,!

from back surface penetration to final fracture using the

Grandt-Bowie solution. T

5) Results are plotted in the form of ¢'/c vs KA/KE (See Figs.

27 to 30.)

The correlations show that at c¢'/c = 1.0, KA/KE approaches a constant,
Therefore, the end of the transition region is where c¢'/c = 0.9 and
the crack can be approximated as a through-crack. This result can
favorably be compared to Johnson {34] who defined the end of the
transition region to be ¢'/c = .9 for life prediction anproximations.

5.3. Correction Factor Development -—

5.3.1. Back Surface Penetration Until Final Fracture. As noted in

the previous section, correlations tend to become constant at KA/K;
when ¢'/c = 0.9. Fig.31 shows the correlations for the back surface
data. The polynomial regression curve fit for this data was found to
be

(Ftr)bs = [l/.609633—.689614(c'/c)+1.23275(c'/c)2] T

and it is plotted in Fig.31. It was found that a quadratic curve fit
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e it v zoend correlation for the data. Correlations did not
sprove spoontioant by when higher order curve fits were attempted.

ihis correction is upplied to the Grandt-Bowie solution after
back surtace penetration until final fracture. This correction, when
applied to the correlation data, essentially brings all the data
points to a constant value of KA/KE = 1.0, The effect would be to
"speed up" the growth of the crack on the back surface, and "slow
down'" the growth of the crack on the front surface. Therefore more
accurate life predictions will result when the correction factors are
used to modify the stress intensity factors on the front and back
surfaces.
5.3.2. Front Surface.

In a similar manner, the front surface correction factor based on
the polvnomial regression curve tit (st

(F

1/1.26007 = (1350407 /¢)

erles = ' ]

and it is plotted in Fie,32, Acain, it was found that a lircar curve
fit resulted in a good correlation and did not improve signiticantly
when higher order curve-fits were attempted.

The correction factors for the {ront and back surtaces were

substituted iiito the Grandt-Bowie equation a. follows:

K = (K . F
( max)cor ( max)G—B/( tr)bs
K = (K e .
( max>ror ( max)u—ﬁ/( Lr)fs
where (K ) is the corrected stress intensity actor, (K S
max’ cor max  G-B
the Grandt-Bowie solution and (FLr)bv, (Ptr)t. are the back and front

surface correction factors respectivelv.
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5.4, Summarv of Transition Region.

In summary, the growth of a crack as it grows from a corner-
crack-at-a-hole to final fracture can be separated up into three
nhases: -

o

1) Corner crack at a hole until back surface penetration (a = "!

t); this phase is dealt with by evaluation for stress
intensity factors along "imaginary'" surfaces near the top

surface and the surface at the base of the hole to preclude

- _‘.;._‘- e .‘.A

effects of fabrication (cold-rolling, hole drilling, etc.).

No other corrections are necessary to the Newman-Ra ju
solution. "q

2) Back surface penetration (a = t) until through-the-thickness

crack (c'/c = 0.9); this is dealt with by applying front-and-

back-surface correction factors, (btr)fS and (Ftr)bs

respectively, to the Grandt-Bowie solution for through-the-

P e

thickness cracks.

3) Through the thickness crack until final fracture; use only

ol
. !"

the Grandt-Bowie solution, no corrections.
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6.0 Evaluation of Transition Criteria.

{

WL

6.1 Life Prediction Models Used

An evaluation is made of the accuracy of the transition criteria

developed in this study as well as that of an instantaneous criterion

. [11], Opel's criterion [5], a criterion developed by Brussat et al.
- p y

[8] and one developed by Collipriest and Ehret [7]. Life predictions

t] are made using these criteria. These predictions are then compared
with each other, as well as with the corner crack at a hole test

results for 7075-T651 and 2024-T351 aluminum previously described.

S

g' Life predictions were made for corner crack at a hole specimens . .j
subject to constant amplitude loading. These life predictions were n:j

based on material characterization data obtained for 2024-T351 and ]

P‘ 7075-T551 aluminum. This characterization data was used to derive the q

proper form of the Walker equation for each type of aluminum, see

equations 2 through 3 for 2024-T351 aluminum and he following

E! equations were used for 7075-T51 aluminum (from Opel [5]):

| da/dN = 3.2624 x 107[(1-R)"°k___]>+3908 (23)

3 max

;» for positive stress ratios and for negative stress ratios:

) _ YA

- da/di = 1.29 x 107°[k 1489 (24)

r max

5 Using the Walker equations, the crack growth rate was calculated and
A

tf then the new crack length was found by integrating after each cvcle.
n‘ Subsequent crack lengths were found by adding the change in crack

3
:‘ length to tne previous crack length,

|3

g

L;

o

e
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Three different lives were considered for each life prediction
model: (a) from the initial crack sizes specified in Tables 2 and 7
to back surface penetration (a=t), (b) from back surface penetration
to final fracture and (a=t"*C=CC), (c) total life (C = CC). The
instantaneous transition criterion predictions were made using the
Newman-Ra ju corner crack at a hole solution [9] until back surface
penetration occurred (i.e. a = t). The Grandt linearization of the
Bowie solution for through the thickness cracks [10] was then used,
assuming an initial back surface crack length equal to the front
surface crack length at the time of back surface penetration. In
addition to the transition criteria developed in this study, the
Brussat, Opel and Collipriest-Ehret criteria were applied according to
procedures outline in [8, 5, and 7] respectively.

6.2 Results,

6.2.1. Life Predictions Based on Corrected Stress Intensity

Factors. (Note: Experimental results were obtained by Heckel & Rudd
[25] and analytical predictions made by Opel [5] for a 7075-T651
aluminum. Experimental lives for 2024-T351 and 7075-T651 aluminum are
shown in Tables 8 and 9, respectively.)

Analytical life predictions were made for the six 2024-T351
aluminum test conditions presented in Table 2 and the seven 7075-T651
aluminum test conditions presented in Table 7 ucing the criteria
developed in this study. Each experimental life shown in these tables

represents the average of duplicate specimens. The life predictions
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based on the corrections developed in this thesis are shown in Tables
10 and 11 for 2024-T351 and 7075-T651 aluminum, respectively,

6.2.2 Life Predictions Based on Other Models.

6.2.2,1 Newman-Bowie. The Newman-Bowie (instantaneous)

method was used as presented by Engle [11] to predict the fatique life
for the specimens referenced in the previous section. The important
consideration for this model is the fact that it ignores the
transition region altogether. It assumes a through-the-thickness
crack once back surface penetration has occurred. The results are
presented in Table 12 for 2024-T351 and Table 13 for 7075-T651
aluminums,

6.2.2.2 QOpel. The development of Opel's correction factors
are discussed in section 4.3, (See Opel [5] for more details). His
transition region correction factors for the base of the hole were
derived from PMMA data and based on ® = 0° and 90° . The transition
correction factors for the front and back surfaces are based on
analytical and experimental stress intensity factors as a fujnction of
c/R and ¢'/R for 7075-T651 aluminum. Life predictions using these
transition region correction factors are shown for 2024-T351 aluminum
and 7075~T651 aluminum in Tables 1 and 14, respectively.

6.2.2.3 Brussat. The Brussat method [8)] was developed for

quarter-circular cracks at holes, therefore the initial crack length
used was the average of the initial crack lengths J1ong the base of

the hole and along the front surface. The procedire used for the

70
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. 3Brussat life predictions are the same as outlined in section A, except

n tor calculating the stress intensity tactors where Brussat used the

tollowing equation:

. . - / .
m kmax Omax T fw ttr (22)
where ftr =1 - [0.2886/(1 + 2(c/t)2]

v

r! and t  is the finite width correction by equation (18).
.

‘he results ot the Brussat predictions are shown in Table 15 for 2024-
[431 aluminum and Table 16 for 7075-T651 aluminum. Léi

b $6.2.2.4 Collipriest-Ehret. Collipriest and Ehret [7]

suwcested transition criteria based on the front and back surface-

crack lengths. Similar to the method developed in this study, ‘ 4
;_n Coltipriest and Ehret did not use any correction until after back
‘:.' . surtface penetration. The Newman-Bowie prediction method was used as a )
’:E - basis for this life prediction. The Newman-Raju corner crack at a
F‘l hole solution was used to calculate stress intensity factors until
E back surface penetration (a = t). Then an imaginary crack length
i along the base of the hole was used of the form:

o , 2,-.5
At = T - (Cy/C)7 ]

o where (:F = front surface crack length

r .

[ “'P = back surtface crack length .

s ’ -

; T = specimen thickness .

= q

! [ ]
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T

This crack length was used in the Newman-Raju solution for the stress ,afei
intensity factors along the front surface. -
The stress intensity factors along the back surface were calculated '_

4

using the Grandt-3owie through crack solution of the form: * ]

k[max = gmax VTwc Fgr(c/R) Fw fcec :l:‘?

2 ) S

= [1/(1-(1-(Cx/CL)™N) ] ]

cec ]

and ¥ (c/R) and f are given by equations 22 and 18, ]

gr W - gi

When the back surface crack length equals the front surface crack )

length, only the uncorrected Grandt-Bowie equation was used until
final fracture. (See Fig.33 for details of imaginary crack length.) i J

The results of the Collipriest-Ehret models are shown in Tables 17 and
18 tor 2024-T351 and 7075-T651 aluminum, respectively.

5.3, Discussion of Results

The model developed in this thesis is the most accurate and
versatile. The average total lives for 2024-T351 and 7075-T651
aluminum are shown in Tables 19 and 20. All predictions, except for

Opel's and Brussat's, have been made using the parametric angle

(5= 10°, 80° ) corrections. The new model shows an average

E improvement of 47 over the instantaneous model. This improvement is
significant, considering that the transition region, where the new
5’ model differs from the instantaneous model, represents only a small

portion ol the specimen's total life. The' new model also shows an

improvement of 3% over the Opel model. However, it should also be

L pointed out that the Opel model is limited since the transition region
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Collipriest-Ehret Transition Region
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correction factors it uses were derived specifically for specimens

0,25 inches thick, and must be rederived for other thicknesses.

\

The Brussat model seems to be more accurate than the new model,

but a closer look will reveal that this is not true. As shown in

| BRI DRSNS

Table 16, the Brussat model is unconservative for three out of seven
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tests. However, an examination of Table 16 reveals that the Brussat

predictions for life until back surface penetration very

unconservative, while those for the region from back surface

penetration until final fracture are conservative. This accounts for
the good average total life predictions., Table 15 shows that the

Brussat predictions for 2024-T351 aluminum which is more ductile than

i

the 7075-T651 aluminum are much more accurate. Therefore, these

results seem to indicate that caution should be exercised in the

» PRI i
comw e A;L_:L. PRI SN .A.m PR

application of the Brussat model to materials which are relatively
brittle. On the other hand, the model put forth in this investigation

scems to vield conservative predictions for both relatively ductile

. | SV S J“A.A_.

and brittle aluminum allovs.

The Collipriest-Ehret model was found to be limited when applied

-

to thin specimens, As previously discussed, this model calculates the

‘a

stress intensity factors for the front surface after back surface

- penetration using an imaginary crack length in the Newman-Raju corner-

crack solution, Due to the form of the equation used to calculate the

®. . . .

imaginary crack length, a relatively large initial back surface crack

length (ot the order of 0,1 inch) must he assumed., When this is done
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for thin specimens, a good deal of the transition region is ignored,

the predictions become almost identical ro those of the _‘
model. Therefore, there seems to be no advantage in

model to relatively thin specimens instead of the

.

model. e
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7.0 CONCLUSIONS AND RECOMMENDATIONS

This investigation showed that although Opel's model
yielded more accurate life predictions for a new, more duc-
tile material (2024-T351 aluminum), it was very
conservative 1in predicting total 1life. The new model
proposed in this work was shown to be considerably more
effective,

The new model was developed by first considering the
Hartranft and Sih suggestion to modify the Newman-Raju
solution with a parametric angle ¢ =10° and 80" insteadof

° and 90' traditionally used. This correction eliminated

0
the surface boundary effects and resulted in significant

improvements in the life prediction obtained from all

models that were investigated. As a result of using $ = 10

and 801 no transition correction factors were necessary
for the bore of the hole in the life predictions from
corner-crack to back surface penetration.

The Newman-Raju <corner-crack and the Grandt
linearization of the Bowie through-crack solutions were
found to be accurate, but conservative in predicting the
stress intensity factors for a corner-crack emanating from
a hole as it grows until final fracture. However, neither
of these solutions considers the transition region where
the crack propagates neither as a corner-crack or a

through-crack. This transition region was determined to

e
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begin at back surface penetration and end when the back

surface crack length equals the front surface crack length
(i.e., ec'=zec). At this point the crack becomes a true
through-the-thickness-crack. Transition correction factors
based on correlations of analytical and experimental stress
intensity factors were derived as a function of c¢'/c.
Using transition factors based on ¢'/c instead of e¢/R, as
Opel did, eliminated the thickness-dependence of the
transition factors and as a result they are more versatile.

The life-prediction model developed in this thesis
proved to be the most accurate and versatile. It accounts
for the transition region while the Instantaneocus model
does not. It uses thickness-independent transitions
correction factors while the Opel transition factors have
to be re-derived when the thickness changes. The new model
yields consistently conservative predictions, while the
Brussat model is very unconservative for predicting life
until back surface penetration and is conservative for life
predictions from back surface penetration until final frac-
ture. Finally it uses correction factors which apply over
any thickness while the Collipriest-Ehret nodel seems to
assume a relatively large initial back surfuce crack length
which makes it inappropriate for thin specimens.

This study has demonstrated that the proposed
corrections to the currently used stress intensity factor

solutions have resulted in better life predictions for

l'l ‘[ F}




constant amplitude loading. The life prediction model
developed in this study showed a three or four percent
improvement over the uncorrected life prediction model.
Even though this does not seem like a sizable improvement,
one must keep in mind the specimen thickness considered was
only 0.25 inches. Therefore, the transition region is a
very small part of the total life of the specimen. Further
investigation using this prediction model and thicker
specimens should be undertaken. Thicker specimens would
have a larger transition region and the new model should
result in greater improvements in the accuracy of the
predictions. Applications of ¢this model to lugs, for
instance, may prove useful. Lugs have geometries such that
there are thick specimen depths and narrow specimen widths.
Therefore the transition region would account for a
significant part of the total life after back surface
penetration. Other follow-on topics should include the
investigation of the effect of different parametric angles,
¢ ,other than ¢ =10° and 80" as well as applying the new
model to different types of material, such as steel.
Should the correction factors developed in this thesis
prove to be as effective as they seem to be, they should be
considered for incorporation into the Air Force Damage

Tolerance Design Handbook [U4l4].
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APPENDIX: Computer Programs Used

There were six major computer programs, written in

Fortran 77, used for this study. A short discussion of
what each program does, followed by complete program
listings are included in this appendix. The input variables
for the life prediction programs are:

- Initial crack length

- Initial crack depth

- Radius of hole

Maximum stress

- Thickness of specimen

- Width of specimen

ASTOP - Non-functional parameter

RS - Stress ratio

C1,N,FAC - Walker constants (mat'l dependant)

= N0 >
)

A. Newman-Bowie (Uncorrected)

Also known as the instantaneous model, this is the
program upon which all of the other life prediction
programs are based (except Brussat's model). It uses a
Nesman-Raju corner-crack solution for stress intensity
factors until back surface penetration. After back surface
penetration, the program uses a Grandt-Bowie through-crack
solution until final fracture.

B. Newman-Bowie (New model)

This program is similiar to the program in A. above.
From back surface penetration until a through-crack
develops (i.e., e¢'/ec=1), the Grandt-Bowie solution is
corrected with the transition corrections developed in this

study. These factors are functions of c'/c. After

96
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¢'/¢=0.9, ¢the uncorrected Grandt-Bowie solution for a
through-crack is used until final fracture.

C. Newman-Bowie (Opel's model)

This program uses a Newman-Raju solution until a/t=0.75.
At that point, Opel hole correction factors are applied to
the Newman-Raju solution. The Opel model uses 0 and 90 for
the parametic angle, . After back surface penetration,
until ¢/R=2.5, surface correction factors are applied to
the Grandt-Bowie solution. From c¢/R=2.5 until final
fracture, the uncorrected Grandt-Bowie solution is used.

D. Newman-Bowie (Collipriest-Ehret model)

This program uses an uncorrected Newman-Raju corner-
crack solution until back surface penetration. After back
surface penetration until the end of the transition region,
an imaginary crack length (FSC) is used in the Newman-Raju
solution to calculate the front surface stress intensity
factors. A correction factor (CEC) is applied to the
Grandt-Bowie through-crack solution to calculate the back
surface stress intensity factors. The transition region
ends when the front and back surface crack lengths are
equal. After this point, the uncorrected Grandt-Bowie
solution is used until final fracture.

E. Brussat

This program uses an engineering approximation developed
for a quarter-circular crack-at-a-hole. It uses an initial

crack length that is the average of the actual initial test
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specimen crack lengths along the bore of the hole and along

the front surface. This model uses the Newman-Raju finite
width correction.

F. Walker/Grandt-Bowie Surface Stress Intensity

Correlations

This program calculates the experimental stress
intensity factors based on curve-fit data for c vs dec/dN
experimental data. It also calculates analytical stress
intensity factors using the Grandt-Bowie through-crack
solution. The front and back surface crack length ratio,
c'/e, is calculated based on curve-fit data from

experimental results.
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PROGRAM TRNSUN3(INPUT,OUTPUT, TAPE5=INPUT, TAPE6=0UTPUT)
INTEGER X, XX
REAL PI,PA,PC,K9,KA,KC,N,NC,L1,L2,M1,M2,M3,4,C,R,S,T,N,

&ASTOP, RS

DO 40 I=1,6

K9=53.5

PRINT®*, 'INPUT MATERIAL AND GEOMETRY VARIABLES'
READ(S5,®*) A,C,R,S,T,W,ASTOP, RS
IF(RS.GT.0.0) GO TO 5
C1=4.,31544E-09

N=3.2116

FAC=0.0

GO TO 6

C1=1.11616E-09

N=3.T71797

FAC=0.7

CONTINUE

WRITE (6,35)A,C,R,S,T,W,ASTOP, RS
FORMAT(8F8.3)

PA=1.39626

PC=0.17453

NC=1.0

B=W/2.

PI=3.1416

XX=1

X=1

WRITE(6,130)

This is the Newman-Raju corner crack solution with the
parametric angle = 10 & 80

F1=C/A

F2=A/T

23=A/C
L1=(1.7/7(1.+(C/R)%C0OS(.85%(PA))
L2=(1./(1.+(C/R)#%COS(.85%*(PC))
Q1=(1.+1.46L4%F 1881 _§5)
M1=(F1%% 5)%(1 .4+ . 04%F1)
M2=( . 28F1%%) )
M3=(-.11%F 188y )
G1=(1.+(.1+.35%F1#F2##2 Y&(1 -SIN(PA))®#2 )
G2=(1.+(.1+.35*F1%F %82 )#(1 __SIN(PC))*%#2 )
G3=((1.-.15%L1+3.46RL 1882 _) N7 1%8& 3 .3 5o8 1#8) )/(1,

))
))

k+.138L1%82 ))

GU=((1.=-.15%L2+3 46RL2%%#2 _4 LTe[ %83 ,3 528 0884 )/(1.

&+.138L2%%2 ))

G5=(1.13-.09%*F1)%(1.+.1%(1,-COS(PA))¥#%2 )8( 84+ 28F2%% 25)
G6=(1.13-.09%F1)%(1.+.1%(1.-COS(PC))#%%2 )%( 8+ 2%F2%8% 25)
F3=((F1%%#2 )®(SIN(PA))##%#2 +(COS(PA))%%2 )#% 05

FU=((F1%82 )®(SIN(PC))%#2 +(COS(PC))®®#2, )%# 25
F5=(1/(COS((PI#*R)/(2.%B))))
F6=(1/(COS((PI®(2.%R+NC#*C)/(4.#(B~-C)+2.%NCH®C))#F2%% .5)))
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130

15
200
71

600
4o

FT=(F5¥%F6) %% 5
F8=(M1+M2RF2#82 4M3SF288&Y )(8G1EGIRC5F3#FT
F9=(M1+M2#F2#82 L M3INFO®MY )SG2#GLU#GERFLSFT
D1=(S*SQRT(PI*A/Q1))%*F8

D2=(S*SQRT(PI®A/Q1))*FQ
KA=D1%(((4./PI+(A%C)/(2.%T#*R))/(U4./PI+(A®C)/(T#R)))%% 5)
KC=D2#(((4./PI+(A®C)/(2.%T#R))/(4./PI+(A%C)/(T¥*R)))%*® 5)
FORMAT(2X,*A',5X,'C',5X,'A/T",3X,"A/C',6X,'KA',6X,'KC',9
&X,'DA',9X,'DC',9X,'CYCLES')
DA=(((KA)®(1-RS)S®(FAC))®#N)%C1
DC=(((KC)®(1-RS)##%(FAC))%#N)#C1

IF((X/(XX%500)).EQ.1.0) WRITE(6,15) A,C,F2,Z3,KA,KC,
&DA, DC,X

IF((X/(XX%500)).EQ.1.0) XX=XX+1

IF(X.EQ.1) WRITE(6,15) A,C,F2,23,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200

IF(KC.GE.K9) GO TO 200

A=A+DA

IF (A.GT.T) GO TO 200

This signals back surface penetration. The remainder
of the program is an uncorrected Grandt-Bowie through-
crack solution.

C=C+DC

X=X+1

GO TO 10

FORMAT (3F6.3,F7.3,2F10.2,2E11.4,18)

WRITE(6,15) A,C,F2,23,KA,KC,DA,DC,X

A=C

FWC=(COS(PI®(R+A)/H4.))%% (- 5)
AA=(.6762062+(.8733015/(.3245442+A/R)))®*S*(PI#A)"S 5
KA=AA®FWC

KC=KA

DA=(((KA)®(1=-RS)®®(FAC))®#N)®C1
DC=(((KC)®(1-RS)##(FAC))%%N)#C1
IF((X/(XX®#500)).EQ.1.0) WRITE(6,15) A,C,F2,Z3,KA,KC,
&DA,DC,X

IF ((X/(XX%500)).EQ.1.0) XX=XX+1

IF (X.EQ.1) WRITE (6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 600

IF (KC.GE.K9) GO TO 600

A=A+DA

C=C+DC

X=X+1

GO TO 71

WRITE (6,15) A,C,F2,23,KA,KC,DA,DC,X

CONTINUE

END
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PROGRAM TRANCOR(INPUT,OUTPUT, TAPE5=INPUT, TAPE6=0UTPUT)

INTEGER X, XX

REAL PI,PA,PC,K9,KA,KC,N,NC,L1,L2,M1,M2,M3,4,C,R,S,T,W,

&ASTOP, RS

DO 40 I=1,6

K9=53.5

PRINT#*, 'INPUT MATERIAL AND GEOMETRY VARIABLES'

READ(5,%) A,C,R,S,T,W, ASTOP,RS

IF(RS.GT.0.0) GO TO 5

C1=4.31544E-09

. N=3.2116

- FAC=0.0

: GO TO 6

- 5 C1=1.11616E-09

' N=3.71797

A FAC=0.7

§ 6 CONTINUE

‘ WRITE (6,35)A,C,R,S,T,W,ASTOP, RS

) 35 FORMAT(8F8.3) ,

_ PA=1.39626 .

PC=0.17453 é
NC=1.0 )

B=W/2. ]

PI=3.1416 o

XX=1

1=1 _

WRITE(6,130) .

C This is the beginning of the Newman-Raju solution, ;:.'-_j-,
uncorrected, with the parametric angle = 10 & 80

10 F1=C/A
F2zA/T
Z3=A/C
L1=(1./(1.+(C/R)#COS(.85%(PA)
L2=(1./(1.+(C/R)#C0OS(.85%(PC)
Q1=(1.+1.464%F 1881 §5)
M1=(F1%% 5)%(1 4+ 04#*F1) o
M2=(.2%F18%) ) T
M3=(-.11%F 188y ) 9
G1=(1.+(.1+.35%F 18F2#82 )#(1 -SIN(PA))#%2,) o
G2=(1.+(.1+.35%F 1 #F2&#2 8(1 _SIN(PC))##2, ) T
G3=((1.~.15%L1+3 . 46%L 1882 _4 4781883 4,3 528188y )/ (1, o
&+.13%L1%82 )) 4
GU=((1.-.15%L2+3.46RL2%82 ) Y78 0%83 .3 5% 0884 )/(1, oo
&+.13%#L2%#%2 ) s
G5=(1.13-.09%F1)#(1.+.1%(1,-COS(PA))®%#2 _)#( B84+ 28F28# 05) '
G6=(1.13-.09#F1)#(1.+.1%(1.-COS(PC))%%2 )8( 84 2W#F28&#& 25)
F3=((F1%#2 _ )#(SIN(PA))®##2 4+(COS(PA))%#2 )ae 05
FUl=((F1%%2 )®(SIN(PC))%%2 +(COS(PC))%#2 )#& o5
F5=(1/(COS((PI®*R)/(2.%B))))

)))
)))

101




F6=(1/(COS((PI#(2.%R+NC#*C)/(U4.#%(B-C)+2.8%NCH®C))#F2#% 5)))
FT=(F5%F6) %% 5

F8=(M1+M2#F2##2 L M3IRF28#Y (8GI#GISCHRFIRFT -
FOz(M1+M2#F2#82 M3IRF2&BY )RGORGLRGHRFU%FT .
D1=( S*SQRT(PI*A/Q1))#*F8

D2=(S*SQRT(PI®A/Q1))#F9
KA=D1#(((4./PI+(A®C)/(2.%T#R))/(U4./PI+(A%C)/(T#R)))#%* 5)
KC=D2#(((4./PI+(A®C)/(2.%T#R))/(4./PI+(A%C)/(T#*R)))%*% 5)

130 FORMAT(2X,'A',5X,'C',5X,"A/T',3X,'A/C',6X, 'KA",6X,'KC',Q

&X,'DA',9X,'DC',9X,'CYCLES')
DA=(((KA)®(1-RS)®®(FAC))®%N)#C1
DC=(((KC)#(1-RS)#%(FAC))®#N)#%C1

IF((X/(XX*500)).EQ.1.0) WRITE(6,15) A,C,F2,Z3,KA,KC,
&DA, DC, X

IF((X/(XX*500)).EQ.1.0) XX=XX+1

IF(X.EQ.1) WRITE(6,15) A,C,F2,23,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200

IF(KC.GE.K9) GO TO 200

Az A+DA

IF (A.GT.T) GO TO 200

This signals back surface penetration and the Chansler
correction factors are applied to the Grandt-Bowie
through-crack solution until the end of the transition
region

Afﬂ—vvvi
]
a

C=C+DC
X=X+1
GO TO 10
15 FORMAT (3F6.3,F7.3,2F10.2,2E11.4,18)
200 WRITE(6,15) A,C,F2,Z3,KA,KC,DA,DC,X
A=.005
C=C+4A
61 FWC=(COS(PI®#(R+A)/L4.))%%(- 5)
AA=(.6762062+(.8733015/(.32454U42+A/R)))*S®*(PI#pA)%* 5
BCF1=-.689614%A/C
BCF2=1.23275%(A/C) %%
BCF=.609633+BCF1+BCF2
KA=AA®FWC/BCF
FWC=(COS(PI#(R+C)/4.))%%(_ 5)
AA=(.6762062+(.8733015/(.3245442+C/R)))%S®(PIRC)#%% 5
SCF1==.13564%A/C
SCF=1.24007+SCF1
KC=AA®FWC/SCF
- DA=(((KA)®(1-RS)#®#(FAC))®%N)#%C1
Py DC=(((KC)®(1-RS)##(FAC))*#N)#C1
: IF((X/(XX%#500)).EQ.1.0) WRITE(6,15) A,C,F2,Z3,KA,KC,
&DA, DC, X
IF ((X/(XX%500)).EQ.1.0) XX=XX+1
IF (X.EQ.1) WRITE (6,15) A,C,F2,23,KA,KC,DA,DC,X
IF (KC.GE.K9) GO TO 600
o A=z A+DA
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C=C+DC
IF ((A/C).GE.0.9) GO TO 400

This signals the end of the transition region
The remainder of the program is an uncorrected
Grandt-Bowie through-crack solution

X=X+1

GO TO 61

WRITE (6,15) A,C,F2,23,KA,KC,DA,DC,X

A=C

FWC=(COS(PI®(R+A)/4.))%% (- 5)
AA=(.6T762062+(.8733015/(.32454424+A/R)))®#S*(PI%A)%R 5
KA=AA*FWC

KC=KA

DA=(((KA)®(1-RS)##(FAC))#%N)*C1
DC=(((KC)#(1-RS)®® (FAC))®##N)®C1
IF((X/(XX*500)).EQ.1.0) WRITE(6,15) A,C,F2,Z3,KA,KC,
&DA,DC, X

IF ((X/(XX%¥500)).EQ.1.0) XX=XX+1

IF (X.EQ.1) WRITE (6,15) A,C,F2,23,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 600

IF (KC.GE.K9) GO TO 600

A=A+DA

C=C+DC

X=X+1

GO TO Tt

WRITE (6,15) A,C,F2,2Z3,KA,KC,DA,DC,X

CONTINUE

END
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PROGRAM TRANS3(INPUT,OUTPUT, TAPES=INPUT, TAPE6=OUTPUT)
INTEGER X, XX

REAL PI,PA,PC,K9,KA,KC,N,NC,L1,L2,M1,M2,M3,4,C,R,S,T,W,

&ASTOP, RS

DO 40 I=1,6

K9=53.5

PRINT®, *INPUT MATERIAL AND GEOMETRY VARIABLES'
READ(5,%) A,C,R,S,T,W,ASTOP, RS
IF(RS.GT.0.0) GO TO 5
C1=4.31544E-09

N=3.2116

FAC=0.0

GO TO 6

C1=1.11616E=-09

N=3.T71797

FAC=0.7

CONTINUE

WRITE (6,35)A,C,R,S,T,W,ASTOP, RS
FORMAT(8F8.3)

PA=1.570796

PC=0.0

NC=1.0

B=W/2.

PI=3.1H16

XX=1

X=1

WRITE(6,130)

This begins the Newman-Raju corner-crack solution

F1=C/A

F2=A/T

Z3=A/C
L1=(1./7/(1.+(C/R)#C0OS(.85%(PA))
L2=(1./7/(1.+(C/R)#*COS(.85%(PC))
Q1=(1.+1.464%F 1881 §5)
MI1=(F1%8% 5)%(1 4 O4#*F1)
M2=(.2%F 1%%)4 )
M3=(-.11%F %8y )
G1=(1.+(.1+.35%F1%F2#82 )#(1 -SIN(PA))®#2 )
G2=(1.4+(.1+.35%F1#F 2882 #(1 __SIN(PC))%##2,)

Nt s

)
)

G3=((1.-.15%L1+3.46%L 1882 _) LT[ 1883 .3 5o% 1%%Y )/(1,

&+.13%L1%82 1))

GU=((1.-.15%L243 UORLO*#RD _) JT7# %83 3 5% o88) )/(1,

&+.13%L2%82 1))
G5=(1.13~-.09%F1)#(1.4+.1%(1.-COS(PA))®#2 )#( 84 28F2##
&.25)
G6=(1.13-.09%F1)#(1.+.1%(1.-COS(PC))##2 )8 ( 84 28F2us
&.25)

F3=((F1%#82 )®(SIN(PA))##2 4+ (COS(PA))*®2 )a# o5
FU=((F1%8%2 )®(SIN(PC))%#2 +(COS(PC))#%2 )## 25
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F5=(1/(COS((PI*R)/(2.%B))))
F6=(1/(COS((PI®(2.%R+NCH*¥C)/(4.%(B=-C)+2.%¥NCH¥C))up2#% _5)))
FT=(F5#F6) %% 5
F8=(M1+M2RF2R#2 ,M3I#F2#8Y NG 18GIJECHEF3RFT
FO=(M1+M2¥F2##2 M3#Fo&#Y )EGORGUUGO#FY*FT
D1=(S#SQRT(PI®A/Q1))#*F8

D2=(S*SQRT(PI®#A/Q1)) #F9

IF (F2.LE..75) GO TO 100

If this conditon is met, Opel's hole bore corrections take
effect here

TF1=1.468068%F2

TF2=-1.275787T%F2%%2

TCF=.573924+TF1+TF2
KA=D1#(((4./PI+(A®C)/(2.%T#R))/(4./PI+(A®C)/(T*R)))#% 5)

&/TCF

SC1=-.362863%#F2
SCF=1.316867+SC1
KC=D2% (((4./PI+(A®C)/(2.%T#R))/(U4./PI+(A®C)/(TH*R)))%#% 5)

&/SCF

GO TO 101
KA=D1%(((4./PI+(A%C)/(2.#%T#R))/(4./PI+(A%C)/(T#*R)))** 5)
KC=D2#(((4./PI+(A%C)/(2.%T#*R))/(4./PI+(A%C)/(TH*R)))%*® 5)
CONTINUE
FORMAT(2X,'A',5X,'C',5X,'A/T',3X,"A/C",6X, 'KA',9X,'KC',9

&X,'DA',9X,'DC',9X,'CYCLES"')

DA=(((KA)®(1-RS)#®(FAC))®®N)®C1
DC=(((KC)#(1-RS)#® (FAC) )%%N)#C1
IF((X/(XX*500)).EQ.1.0) WRITE(6,15) A,C,F2,23,KA,KC,

&DA, DC, X

IF((X/(XX®500)).EQ.1.0) XX=XX+1

IF(X.EQ.1) WRITE(6,15) A,C,F2,23,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200

IF(KC.GE.K9) GO TO 200

A= A+DA

IF (A.GT.T) GO TO 200

If this condition is met, back surface penetration has
occurred and Opel's surface corrections are applied to
the Grandt-Bowie through-crack solution

C=C+DC

X=X+1

GO TO 10

FORMAT (3F6.3,F7.3,2F10.2,2E11.4,18)

WRITE(6,15) A,C,F2,23,KA,KC,DA,DC, X
AzR®#(-1.9311+1.70076%C/R)
FWC=(COS(PI®(R+A)/4,))%%(. 5)
AA=(.6762062+(.8733015/( .32454424A/R)))%SH(PIEp )R 5
BCF1=.724961%A/R

BCF2=-,158451#%#(A/R)##2

l(l-J
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5 .
» BCF=.1916C1+BCF1+BCF2 P
L KAz AA*FWC/BCF ¥ :
g FWC=(COS(PI®(R+C)/U4.)) %8 (- 5)
AA=(.6762062+(.8733C15/(.3245442+C/R)))*S*#(PI%C)#* 5 N
{ SCF1==-.106T45%C/R e

SCF2=.018451%#(C/R)*%*®2
SCF=1.279537+SCF1+SCF2
KC=AA%FWC/SCF ‘
DAz (((KA)®(1-RS)#®(FAC))®#*N)*C1 [

DC=(((KC)®(1-RS)*®(FAC))#®%N)#C1 e
IF((X/(XX#%500)).EQ.1.0) WRITE(6,15) A,C,F2,Z3,KA,KC, e
&DA, DC, X

IF ((X/(XX%500)).EQ.1.0) XX=XX+1
IF (X.EQ.1) WRITE (6,15) A,C,F2,23,KA,KC,DA,DC,X
IF (KC.GE.K9) GO TO 600

Y ORI

A= A+DA
C=C+DC
IF ((A/R).GT.2.5) GO TO 400
C Meeting this condition signals the end of Opel's }
transition region and the rest of the program '
is an uncorrected Grandt-Bowie through-crack ~
solution "ﬁ
g X=X+1 B
b . 4
! GO TO 61 R
E 400 WRITE (6,15) A,C,F2,23,KA,KC,DA,DC,X T
71 A=C S
FWC=(COS(PI®(R+A)/4.)) %8 (- 5) —
g AA=(.6762062+(.8733015/(.3245442+4A/R)))*S*(PI*A)%# 5 "y
' KA=AA®FWC -
KC=KA
DA=(((KA)®(1-RS)®®(FAC))®%N)#C1 T
( DC=(((KC)®(1-RS)®#®% (FAC))#*%N) #C1 B
IF ((X/(XX%*500)).EQ.1.0) WRITE (6,15) A,C,F2,23,KA,KC,
&DA,DC, X

IF ((X/(XX#*500)).EQ.1.0) XX=XX+1
IF (X.EQ.1) WRITE (6,15) A,C,F2,23,KA,KC,DA,DC,X
IF (KA.GE.K9) GO TO 600
IF (KC.GE.K9) GO TO 600
A= A+DA
C=C+DC IR
X=X+1 S
GO TO 71 B
600 WRITE (6,15) A,C,F2,23,KA,KC,DA,DC,X
40 CONTINUE
f END -
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A PROGRAM COLEHR2(INPUT,QUTPUT, TAPES=INPUT, TAPE6=0UTPUT)
’ INTEGER X, XX
4 REAL PI,PA,PC,K9,KA,KC,N,NC,L?,L2,M1,M2,M3,4,C,R,S, T, W,
r‘ &ASTOP, RS
- DO 40 I=1,6
K9=53.5
PRINT*, 'INPUT MATERIAL AND GEOMETRY VARIABLES'
READ(5,%*) A,C,R,S,T,W,ASTOP, RS
IF(RS.GT.0.0) GO TO 5
C1=z4.31544E-09
N=3.2116
FAC=0.0
GO TO 6
5 C1=1.11616E-09
N=3.T71797
FAC=0.7
6 CONTINUE
WRITE (6,35)A,C,R,S,T,W,ASTOP, RS
35 FORMAT(8F8.3)
PA=1.39626
PC=0.17453
NC=1.0
B=W/2.
PI=3.1416
XX=1
X=1
1 WRITE(6,130) -
!
1

A

.00

o

e

e R L. L.

0. .

C This is the beginning of the uncorrected Newman-Raju
3 corner-crack solution with parametric angle = 10 & 80

|
o
[ S

A’ 2l & aaal A_A a5 2 4

vy ‘e ' " '
et A A Nowt ' A

10 F1=C/A -
F2=zA/T -
23=A/C
L1=(1.7/(1.+(C/R)#C0S(.85%(PA
L2=(1./(1.+(C/R)%*COS(.85#%(PC
Q1=(1.+1.464%F 1881 65)
M1=(F1%#% 5)#(1 4+ 04%F1)
M2=z(.28F18%) )
M3=(-.118%F 188y )
G1=(1.+(.1+.358F1#F2%%2 Y#(1 _SIN(PA))#%2,)
G2=(1.+(.1+4.35%F 1 #F2%%#2 )#(1 L.SIN(PC))##2 )
G3=((1.-.15%L14+3 46#L1%%2 _ ) 4T, 1883 ,3 528 1%%, )/(1,

&+.138L1%%2 )
GU=((1.-.15%L2+3 . U6GRLOE®RD U4 JTHLO##3 3 Go#0%%4 )/ (1,
&+.13%L2%#2 )
G5=(1.13-.09*F1)®%(1.+.1%(1.-COS(PA))%%2 _)#( 8, D#F2#%
&.25)
G6=(1.13-.09%F1)%(1,.+.1%(1.-COS(PC))#%2 )%( 84 28F2us
&.25)

F3=((F1%#2 )®(SIN(PA))®*#2 4+(COS(PA))®%2 )as Og

1))
))))

I
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15
200

71

FU=((F1%#2 )#(SIN(PC))¥*#%#2 4+ (COS(PC))#*#2 )#% 25
F5=(1/(COS((PI®R)/(2.%B))))
F6=(1/(COS((PI%(2.%R+NC¥*C)/(4.#(B=-C)+2.%NC¥*C))#F2%# 5)))
FT=(F5%F6)#%# 5
F8=(M1+M2#F 2882 4 M3IUF2##Y )YRG1¥GIHG5RFINFT

FOz (M1+M2W#F %82 M3I#¥F2#%Y JRGO#GLURGEHFLY*FT

D1=( S*SQRT(PI®#A/Q1))*F8

D2=(S#*SQRT{(PI*#A/ Q1)) *F9
KAzD1#(((4./PI+(A®C)/(2.%T#*R))/(4./PI+(A®C)/(T%*R)))%*% 5)
KC=D2%(((4./PI+(A®C)/(2.%T*#R))/(4./PI+(A%C)/(T#R))) %% 5)
FORMAT(2X,'A',5X,'C',5X,'A/T',3X,'A/C'",6X,'KA',6X,'KC',9
&X,'DA',9X,'DC',9X,'CYCLES"')

DA=(((KA)®(1-RS)#% (FAC))##N)%C1
DC=(((KC)®(1-RS)%#%(FAC))%#N)#%C1

IF((X/(XX*%500)).EQ.1.0) WRITE(6,15) A,C,F2,23,KA,KC,
&DA,DC, X

IF((X/(XX%¥500)).EQ.1.0) XX=XX+1

IF(X.EQ.1) WRITE(6,15) A,C,F2,Z3,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200

IF(KC.GE.X9) GO TO 200

A=A+DA

IF (A.GT.T) GO TO 200

This signals back surface penetration. The Collipriest-

Ehret corrections are applied from here to the end of the

transition region. An imaginary crack length (FSC) is

used with the Newman-~Raju corner-crack solution to calcu-

late the front surface stress internsity factors and a
correction factor (CEC) is applied to the Grandt-Bowie
through-crack solution to calculate the back surface
stress intensity factors.

C=C+DC
X=X+1

GO TO 10

FORMAT (3F6.3,F7.3,2F10.2,2E11.4,18)

WRITE(6,15) A,C,F2,23,KA,KC,DA,DC,X

CB=.020

CF=C

PA=0.17453

FSC=T#*((1.0-(CB/CF)8%2 p)##(_ 5))

A=FSC

FWC=(COS(PI®(R+CB)/4.))%% (- 5)
AA=(.6762062+(.8733015/(.3245442+CB/R)))%S#(PIRCB)%*#% 5
CEC=z(1.0/(1.0-(1.0-(CB#*#%2 Q/CF##2 ())%#% 5))&# 5
F1=CF/A

F2=1.0

Z3=A/CF

L1=(1.7/7(1.+(CF/R)®C0S(.85%(PA))))
Q1=(1.+1.464%F 1881 §5)

M1=(F1%% 5)8(1,.+.04%F1)
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M2=z( .2%F 1%y )

M3=(-.118%F1#%8y4 )
G1=(1.+(.1+.35%F18F2##2 )&(1 _SIN(PA))®##2 )
G3=((1.=-.15%L1+3 468 182 _y J7®L18%3 .3 S8 188} )/(1,
&+.138L1%%2 ))

G5=(1.13-.09%F1)%(1.4+,.1%(1.-COS(PA))®#2 )& ( 84+ 28F2%s
&.25)

F3z=((F1%#%#2 )#(SIN(PA))##2 4+(COS(PA))#%2 )a##& o5
F5=(1/(COS((PI%R)/(2.%B))))
F6=(1/(COS((PI*(2.%R+NCH#CF)/(U4.#(B-CF)+2.%NC#CF))#F2#u#
&.5))) e
FT7=(F5%F6)##% 5 S
F8=(M1+M2#F2##2 ,MIUF8#) )#G1#RGIRG5SF3I#FT Sy
D1=(S®*SQRT(PI®A/Q1))*F8 T
KC=D1#(((4./PI+(A®CF)/(2.%T#R))/(U4./PI+(A®CF)/(T*R)))

4
&%, 5) <1
KA= AA*FWC#*CEC :
DA=(((KA)#(1-RS)®#(FAC))##N)#C1
DC=(((KC)#(1-RS)##(FAC))##N)#C1
IF((X/(XX*500)).EQ.1.0) WRITE(6,15) A,CF,F2,Z3,KA,KC, .
&DA, DC, X .

3
IF ((X/(XX%500)).EQ.1.0) XX=XX+1 . -
IF (X.EQ.1) WRITE (6,15) A,CF,F2,23,KA,KC,DA,DC,X : 3
CB=CB+DA R
CF=CF+DC oo
I=X+1 -
IF(CB.GE.CF) GO TO 400 i

C When this conditon is met, the front and back surface

crack lengths are equal and this signals the end of
the transition region. The rest of the program is an
uncorrected Grandt-Bowie through-crack solution.

.
)

+

1 T
+

U M D

GO TO T1 .

400 WRITE (6,15) A,CF,F2,23,KA,KC,DA,DC,X T

75 A=CF o
FWC=(COS(PI®(R+A)/4.)) %% (- 5) B
AA=(.6762062+(.8733015/(.3245442+A/R)))ES#(PI%A)*# 5 '

KA= AA®FWC .1|

KC=KA <
DA=({(KA)®(1-RS)®®(FAC))®#N)#®C1
DC=(((KC)®(1-RS)#%(FAC))##N)#C1 7

- IF ((X/(XX%500)).EQ.1.0) WRITE (6,15) A,CF,F2,23,KA,KC, i
y &DA,DC, X ]
E IF ((X/(XX%500)).EQ.1.0) XX=XX+1 .‘.
- IF (X.EQ.1) WRITE (6,15) A,CF,F2,23,KA,KC,DA,DC,X T
g IF (KA.GE.K9) GO TO 600 ©
; IF (KC.GE.K9) GO TO 600 .
} A=A+DA :
: CF=CF+DC »
X=X+1 -:
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GO TO 75
600 WRITE (6,15) A,CF,F2,23,KA,KC,DA,DC,X
40 CONTINUE

END
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PROGRAM BRUSS(INPUT,OUTPUT, TAPE5=INPUT, TAPE6=0UTPUT)
INTEGER X, XX
REAL PI,PA,PC,K9,KA,KC,N,NC,Lt1,L2,M1,M2,M3,4,C,R,S,T,V,
&ASTOP, RS
DO 40 I=1,6
K9=53.5
READ (5,%) aA,C,R,S,T,W,ASTOP, RS
IF (RS.GT.0.0) GO TO 5
C1=4.31544E-09
N=3.2116
FAC=0.0
GO TO 6
5 C1=1.11616E-09
N=3.71797
FAC=0.T7
6 CONTINUE
WRITE (6,35) A,C,R,S,T,W,ASTOP, RS
' 35 FORMAT (8F8.3)
[ PI=3.1416
; Xx=1 .
} X=1 y
WRITE (6,130) . q
[ A=(C+A)/2 Lo
{ C=A
A 10 F1=C/A
F2=A/T

r. 23=A/C i
4 FAC1=S#(PI#p)e® ¢ ..
' FAC2=(1/COS(PI®(A+2%R)/(2%(W-4)))) %% 5
FAC3=1-(.2886/(1+2%(C/T)%#2))

; FAC4=1.2133-2.205%(A/(A+R))+.6451%(A/(A+R))%®2
s FACS=EXP(FACY)

( KA=FAC1%#FAC2%*FAC3®FACS
‘ KC=KA

130 FORMAT (2X,'A',5X,'C',5X,'A/T',3X,'A/C'",6X,'KA',6X,'KC"',
- &9X,'DA',9X,'DC',9X,'CYCLES!')

DA=(((KA)®(1-RS)®#(FAC))®#N)#C1
DC=(((KC)®(1-RS)®8(FAC))#®#N)#8C1
IF ((X/(XX*500)).EQ.1.0) WRITE(6,15) A,C,F2,23,KA,KC,
&DA, DC, X
IF ((X/(XX%*500)).EQ.1.0) XX=XX+1
IF (X.EQ.1) WRITE(6,15) A,C,F2,23,KA,KC,DA,DC,X
IF(KA.GE.K9) GO TO 200
IF(KC.GE.K9) GO TO 200
A=A+DA
4 C=C+DC
X=X+1
GO TO 10
15 FORMAT(3F6.3,F7.3,2F10.2,2E11.4,18)
200 WRITE(6,15) A,C,F2,23,KA,KC,DA,DC,X
40 CONTINUE
END -
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PROGRAM INT7T(INPUT,OUTPUT, TAPES=INPUT, TAPE6=OUTPUT)

REAL PI,N,M,KE,KA,R,T1,T2,C0,C1,C2,C3,C4,C5,B1,B2,MAXS

PI=3.1416

DO 20 I=1,T7

PRINT#, 'INPUT R, COEFS AND MAX STRESS!

READ(S5,%) R,Tt1,T2,CO0,C1,C2,C3,C4,C5,B1,B2,MAXS

IF (R.GT.0.0) GO TO 100

C=1.29E-08

N=2.89

FAC=0.0

GO TO 101
100 C=3.2624E-09

N=3.3908

FAC=0.5
101 CONTINUE

D=.20

WRITE (6,32)
32 FORMAT (4%,'C',8X,'C/C',8X,'K EXPERIMENTAL'®,8X,

&'K ANALYT',8X,'ACCURACY!')

DO 10 J=1,70

LBEL e o e
o . s,

-]

A

- ASASne _ IEane

- A=.015%J+D
k- T=T1#4+T2
C This part uses fifth-order polynomial regression curve

T

fit data based on experimental results to calculate
the experimental stress intensity factor using a Walker
equation.

DADN=CO+C1¥%T+C28T##2,C3RTHRI  CYNTRUY CEETHEG
FACTOR=DADN/C

COEF=ABS(FACTOR)®%(1/N)

KE=COEF#(1-R)##(_-FAC)
FORMAT(2X,F5.3,5X,F7.3,5X,F8.3,15X,F8.3,12X,F6.3)

This part calculates the analytical stress intensity
factor using the Grandt-Bowie through-crack solution

RAD=.12%

FWC=(COS(PI#(RAD+A)/4.))%#(- 5)
AA=(.6762062+(.8733015/(.3245u42+A/RAD)))®MAXS®(PI®})
&"-5

KAz AA®FWC

ACCUR=KA/KE

The next line calculates the back surface crack length
based on linear curve fit data using experimental results

B=B1+B2 %A

AT=B/A
WRITE(6,33)A,AT,KE, KA, ACCUR
CONTINUE

END
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